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Cosuppression in Drosophila: Gene Silencing
of Alcohol dehydrogenase by white-Adh
Transgenes Is Polycomb Dependent
Manika Pal-Bhadra,* Utpal Bhadra,* and Matzke, 1995) with related processes that silence
duplicated genes in fungi (Cogoni et al., 1996).and James A. Birchler²
Division of Biological Sciences We introduced a fusion construct encoding the struc-
tural part of Alcohol dehydrogenase (Adh) under the117 Tucker Hall
University of Missouri control of the white regulatory sequences into different
locations of the Drosophila melanogaster genome inColumbia, Missouri 65211
an Adh null mutant background. We found a gradual
reduction in transgene as well as endogenous gene ex-
pression with increasing transgene dosage. This effectSummary
is not related to zeste-dependent transvection, an inter-
When two to six copies of a white promoter-Alcohol action between paired homologous genes (Jack and
dehydrogenase (Adh) reporter fusion gene are intro- Judd, 1979; Babu and Bhat, 1980). However, this type
duced into the genome, the expression is progres- of cosuppression is partially eliminated by heterozygous
sively reduced both in larvae and adults rather than Polycomb-Group (Pc-G) mutations, and the cosup-
the expected gene dosage effect. In addition, multiple pressed insertion sites are associated with Polycomb
transgenes reduce endogenous Adh transcripts, a re- protein. This group of genes is required for the mainte-
sult that is strongly analogous to ``cosuppression'' nance of transcriptionally repressed states of develop-
phenomena described in many plant species but which mental gene expression (reviewed in Paro, 1990; Pir-
has not been previously observed in animals. Silencing rotta, 1997). Various studies suggest that the probable
of the Adh gene is not influenced by zeste-dependent role of Pc-G is inpackaging chromatin to be inaccessible
transvection but strongly affected by the Polycomb to the transcriptional machinery. Our results suggest
and Polycomblike mutations. Polycomb and polyho- that the Polycomb-Group complex is involved in this
meotic proteins are bound to the chromatin at the form of cosuppression.
sites of the repressed w-Adh transgenes.
ResultsIntroduction
Transgenic Cosuppression during DevelopmentWith the advent of techniques to reintroduce DNA into
A chimeric white promoter-Adh reporter gene con-the genomes of multicellular eukaryotes, several as-
taining a 2.5 kb 59 white DNA fragment including thepects of gene expression were unexpectedly discov-
known eye enhancer sequences with 1.9 kb of the Adhered. One involves the effect of insertional position,
structural gene (Figure 1A) was introduced into embryoswhich modifies transgene expression quite dramatically
of an Adhfn6 cn; ry506 strain (null for Adh and rosy, the(Spradling and Rubin, 1983; Hazelrigg et al., 1984). An-
transformation marker) by P element transformation.other type of effect is gene silencing in which transgenes
Two different transformant lines were recovered andinteract with themselves (Dorer and Henikoff, 1994) or
described previously (Rabinow et al., 1991). These con-the endogenous copies to become inactive (Jorgensen,
structs were genetically mobilized into three new loca-1995).
tions using the Drosophila delta 2±3 transposase strainOne form of gene silencing involves an unusual reduc-
(Robertson et al., 1988). As expected from the previoustion in gene expression referred to as cosuppression or
studies with the original two, each of the three newsense suppression resulting from interactions between
transformant lines displayed a pattern of Adh expressiontransformed homologous genes (for reviews see Jor-
that is less than that of the endogenous Adh gene, be-gensen, 1995; Matzke and Matzke, 1995; Baulcombe
cause the normal white RNA level is much lower thanand English, 1996). A transgene can inactivate the nor-
Adh. The transcript level of equal numbers of insertionsmal gene or another transgene of the same type in differ-
is always greater in males than females. Three trans-ent genomic locations by mechanisms that are probably
formant lines, located on different chromosomes, X, 2,diverse (Jorgensen, 1995; Matzke and Matzke, 1995;
and 3, were selected for further study. Their cytologicalBaulcombe and English, 1996; Metzlaff et al., 1997). We
locations were visualized in salivary gland chromo-use the term ``cosuppression'' in a broad sense, as de-
somes of larvae by in situ hybridization. These are desig-fined by Jorgensen (1995), to refer to the phenomenon
nated w-Adh#1 at the 5A region, w-Adh#2 at 52A, andin which dispersed homologous genes are suppressed
w-Adh#3 at 85D. In each line, when one copy of thein their expression. Cosuppression is thought to in-
w-Adh gene was present in the Adhfn6 null background,volve a trans-interaction between duplicated genes de-
Adh transcripts were readily expressed as shown bypending on their homology (Matzke and Matzke, 1995).
quantitative Northern analysis (Figure 1B, lanes a, g±j,However, homology alone is not sufficient for cosup-
and m). In contrast, homozygotes of each insert (i.e.,pression to occur, since many transgenes do not pro-
two copies in the same location) exhibited reducedduce this effect. Such phenomena were previously re-
rather than doubled expression as expected from a geneported to occur only in plants (Jorgensen, 1995; Matzke
dosage effect (Figure 1B, lanes b±d). This configuration
can be compared with two copies, each hemizygous,*The first two authors contributed equally to this work.
²To whom correspondence should be addressed. by crossing stocks of different inserts and analyzing the
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Figure 1. Cosuppression of Multiple Transgenes
(A) Structure of the white promoter-Adh reporter construct. The directional arrows indicate the transcriptional orientation (modified from
Rabinow et al., 1991).
(B) Autoradiograms of a Northern hybridization of different classes of larvae and adults carrying zero to two doses of w-Adh fusion genes
probed with antisense Adh RNA. The relative quantitative assay of the Adh expression (Adh/b-tubulin ratios 6 SE) is represented by the bar
diagrams. b-tubulin acts as a loading control. Lanes are: (a) w-Adh#1/Y, (b) w-Adh#1/w-Adh#1, (c and d) w-Adh#3/w-Adh#3, (e and f) Adhfn6
cn; ry506/Adhfn6 cn; ry506, (g) w-Adh#1/Y, (h) w-Adh#1/1, (i and j) w-Adh#3/1, (k) w-Adh#1/Y; w-Adh#3/1, (l) w-Adh#1/1; w-Adh#3/1, (m) 1/Y;
w-Adh#3/1, (n) w-Adh#1/1; w-Adh#3/1. All w-Adh constructs are in the Adhfn6 cn; ry506 background.
(C) Quantitative assay and Northern analysis of flies carrying one to four white transgenes (Hazelrigg et al., 1984). Shaded bars represent
females and open bars represent males.
(D) Northern analysis of female flies carrying 1±10 copies of full±length Adh transgene constructs (Laurie and Stam, 1994).
progeny. The results reveal that when two copies of the of flies generated by reciprocal crosses (w-Adh#1
females 3 w-Adh#3 males and w-Adh#1 males 3construct are present in different locations, one on the
X and the other on an autosome or on two different w-Adh#3 females) (Figure 1B, lanes k, l, m, and n). It
should also be noted that the expression of two copiesautosomes (w-Adh#1/1; w-Adh#3/1; or w-Adh#2/1;
w-Adh#3/1), the amount of Adh transcripts also shows in disperse locations is always higher than any one ho-
mozygous insert.a considerable reduction from the expected dosage ef-
fect. The abundance of Adh transcripts in these two To test whether this unusual expression pattern of
w-Adh transgenes either in the same or different loca-dose flies is either equal to or less than a single copy
in either position (Figure 1B, lanes k, l, and n). This tions was developmentally affected, the w-Adh tran-
script levels were examined using the same classes ofreduction of Adh transcripts is similar in the two sets
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larvae and adults (Figure 1B). The Northern profile in males is greater than in females with equal dosage. The
sexual dimorphism of Adh expression is present in eachlarvae reflects a close resemblance to that of adults,
suggesting that the phenomenon of cosuppression, af- dose and even persisted in the individuals with five cop-
ies (Figure 2A). These results indicate that the mecha-fecting the expression of the w-Adh gene, is not sensi-
tive to the developmental stage. nisms involved with the sexually dimorphic expression
and cosuppression of Adh are not related.
The above described analyses involved NorthernExcess Adh or white Transgenes
comparisons which can not distinguish the transgeneTo establish whether this cosuppression was specific
RNA from that of the Adhfn6 allele present in the recipientfor w-Adh, or a more general phenomenon, we con-
strain. Previous work indicates that the Adhfn6 allele hasstructed two series of transgene stocks using wild-type
a mutant splice site sequence containing 4 base pairAdhF or white1 transformant lines (Laurie and Stam,
(bp) changes and a 6 bp deletion (Benyajati et al., 1982;1994; Hazelrigg et al., 1984). Both Adh and white frag-
Corbin and Maniatis, 1989). The presence of the muta-ments in the constructs are sufficient for the normal
tion near the 39 splice site in the first intron results inexpression of Adh and white. The white and Adh RNA
an improper splicing of Adhfn6 transcripts. The Adhfn6isolated fromsingle constructs inserted atdifferent loca-
mutation produces very low levels of RNA (5±10% oftions is normally expressed. A Northern analysis of total
total endogenous product), which is about 50 bp largercellular RNA of normal male and female individuals bear-
than normal (Benyajati et al., 1982). We used a quantita-ing one to four copies of the full-length white1 gene
tive RNAase protection assay with a selective probe to(Figure 1C) or one to ten copies of AdhF (Figure 1D)
estimate the reduction of Adh mRNA produced byshowed that toa certain limit, the RNAs are accumulated
w-Adh copies independent of Adhfn6. The normal splicingin a dosage-sensitive manner (one to five copies for Adh
pattern gives rise to two protected fragments (160 andRNA and one to four copies for white; Figures 1C and
142 bp) for w-Adh transcripts (Laurie and Stam, 1994),1D). However, the data indicate that maximal accumula-
whereas the Adhfn6 mutant RNA protects only a 355 bption of Adh was found in five dose individuals. In the
fragment due to defective splicing of the first intronhigher doses tested (six to ten), Adh expression was
(Figure 2B). As a gel loading control, a 70 bp fragment,reduced, suggesting that cosuppression of full-length
complementary to the b-tubulin EcoRI±Sau3A fragmentAdh transgenes also occurs but requires much higher
(Bialogan et al., 1985), was protected by simultaneousdosage (Figure 1D). This result demonstrates that co-
inclusion in the same reaction (Figure 2C). The resultssuppression is not restricted to the hybrid construct.
reveal that the protected fragments for transgene as
well as endogenous Adhfn6 transcripts are gradually re-
Suppression Is Proportional to Transgene Dosage duced in thepresence of an increasing number of w-Adh
To test the effect of further increased transgene dosage, fusion genes (Figure 2C; Table 1A). However, the amount
combinations of insertions were examined. All of the of protected b-tubulin transcripts is nearly equal in each
selected w-Adh lines show a nearly equal ADH level, lane. Similar to the Northern analysis, the reduction is
which suggests that these insertional sites have negligi- maximal for both endogenous Adhfn6 and transgenic
ble positional impact on Adh expression. Stocks with products in the presence of the highest number of
pairs of inserts and all three together were produced. transgenes, i.e., six copies (Figure 2C, lane k). The only
By using lines with multiple constructs, and the progeny difference is that increasing the number from one to two
of crosses among them, a higher dosage series was w-Adh copies did not produce any significant differ-
generated. We estimated the steady-state levels of Adh ences in Adhfn6 transcript levels. These findings suggest
mRNA by Northern hybridization from different adult that both endogenous and transgene products respond
progenies carrying one to six copies of the w-Adh in the same manner to the increasing number of w-Adh
transgene (Figure 2A). When two or more copies of this copies.
construct were present in the genome, the level of tran-
script was significantly reduced from the expected dos-
age effect. The accumulation of Adh transcripts in the Transgene Dosage and Endogenous Suppression
In plants, cosuppression involves an interaction be-three different sets of females carrying three copies of
the transgenes, w-Adh#1/1; 1/1; w-Adh#3/w-Adh#3, tween a transgene and an endogenous gene or multiple
transgenes (see review by Jorgensen, 1995; Matzke andw-Adh#1/w-Adh#1; 1/1; w-Adh#3/1, and w-Adh#1/1;
w-Adh#2/1; w-Adh#3/1 (Figure 2A, lanes G, H, and M), Matzke, 1995; Cogoni et al., 1996). To test the effect of
transgene dosage on endogenous wild-type Adh tran-generated from different crosses, was significantly re-
duced compared with the females with a single copy scripts as opposed to the endogenous Adhfn6 allele
described above, we generated Drosophila stocks that(lanes D and K). The amount of Adh transcripts is re-
duced further in females that are homozygous for two bear zero to four copies of the w-Adh transgene and a
single copy of an Adh1 endogenous gene. Because theinserts (w-Adh#1/w-Adh#1; w-Adh#3/w-Adh#3; Figure
2A, lane J). A proportional reduction is also found in five normal Adh gene is expressed at a much higher level
overall than the w-Adh transgene, most of the total Adhand six copies (Figure 2A, lanes O±Q) that are produced
by a combination of the three insertions. The reduction mRNA is contributed by the endogenous copy in these
comparisons. While all flies carrying one transgene andis greatest in the six-copy females, the highest number
tested. Thus, addition of more copies leads to a propor- one normal endogenous gene were additive for RNA
level as determined by Northern analysis (Figure 3A,tional decrease of the transgene products.
As noted above, the amount of Adh transcripts in lanes c±f), the flies that carry two copies of the transgene
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Figure 2. Progressive Cosuppression of w-Adh Transgenes with Increasing Dosage
(A) Representative Northern autoradiograms using adult RNA isolated from flies carrying one to six doses of w-Adh transgenes. Lanes are:
(A and B) w-Adh#2/w-Adh#2, (C and D) w-Adh#2/1, (E) w-Adh#1/Y; w-Adh#2/1, (F) w-Adh#1/1; w-Adh#2/1, (G) w-Adh#1/1; w-Adh#3/
w-Adh#3, (H) w-Adh#1/w-Adh#1; 1/w-Adh#3, (I) w-Adh#1/Y; w-Adh#3/w-Adh#3, (J) w-Adh#1/w-Adh#1; w-Adh#3/w-Adh#3, (K) w-Adh#2/1, (L)
w-Adh#1/Y; w-Adh#2/1; w-Adh#3/1, (M) w-Adh#1/1;w-Adh#2/1; w-Adh#3/1, (N) w-Adh#1/Y; w-Adh#2/1; w-Adh#3/w-Adh#3, (O) w-Adh#1/Y;
w-Adh#2/w-Adh#2; w-Adh#3/w-Adh#3, (P) w-Adh#1/w-Adh#1; w-Adh#2/1; w-Adh#3/w-Adh#3 (Q) w-Adh#1/w-Adh#1; w-Adh#2/w-Adh#2;
w-Adh#3/w-Adh#3. Quantity of Adh transcripts (Adh/b-tubulin ratios 6 SE) was measured from three replicates using phosphorimagery. The
values marked with an asterisk are significantly different from the respective one-dose controls. The values denoted with a shaded box are
statistically different from the predicted sum of the values of the single inserts contributing to the genotype.
(B) Expected products from RNAase mapping experiments using the Adh DP probe are shown. The primary transcript of the Adh gene is
illustrated at the top. Solid boxes represent exons; open boxes, introns. The length and restriction map of the DP probe is indicated by a line
below. The RNA splicing pattern and protected fragments of Adh1 and Adhfn6 transcripts are depicted. w-Adh transcripts also give rise to
160 and 142 bp protected fragments. The total abundance of Adhfn6 transcripts is represented by the 355 bp fragment.
(C) RNAase protection analyses of Adh RNA. The RNA of different classes of adult flies carrying one to six copies of the w-Adh fusion gene
was analyzed. Lanes are: (a and b) w-Adh#2/1, (c) w-Adh#1/Y; w-Adh#3/1, (d) w-Adh#1/1; w-Adh#3/1, (e) w-Adh#1/Y; w-Adh#2/1; w-Adh#3/
1, (f) w-Adh#1/1; w-Adh#2/1; w-Adh#3/1, (g) w-Adh#1/Y; w-Adh#2/1; w-Adh#3/w-Adh#3, (h) w-Adh#1/w-Adh#1; w-Adh#3/w-Adh#3, (i)
w-Adh#1/Y; w-Adh#2/w-Adh#2; w-Adh#3/w-Adh#3, (j) w-Adh#1/w-Adh#1; w-Adh#2/1; w-Adh#3/w-Adh#3, (k) w-Adh#1/w-Adh#1; w-Adh#2/
w-Adh#2; w-Adh#3/w-Adh#3. Predicted size of the protected fragments based on the RNA splicing pattern are indicated on the right and the
sizes of the marker RNAs are shown on the left. A 70 bp protected fragment of b-tubulin RNA serves as a loading control.
exhibit a sharp reduction of their total Adh mRNA (Figure in one to five copies of w-Adh males compared with
equal doses in females in both developmental stages3A, lanes g, h, and k±m). Thus, two copies of the w-Adh
transgene are required to cause the system to shift to examined.
To separate the endogenous steady-state Adh mRNAcosuppression of the endogenous gene. This result
suggests that like the transgene, the endogenous Adh is from the transgene mRNA, which comigrate in Northern
analysis, we also performed RNAase protection analysishighly sensitive to gene dosage. When more transgene
copies are introduced into the heterozygous Adh1/Adhfn6 with a probe (SB) that can distinguish these two tran-
scripts, as illustrated in Figure 3B. The SB probe con-cn; ry506 flies, the reduction of Adh mRNA is more ex-
treme and follows the same trend as found with the tains a SalI±BamHI Adh fragment for generating anti-
sense RNA (Laurie and Stam, 1994). Previous studiestransgene. The reduction is greatest in flies that carry
four copies of the w-Adh construct, the highest number demonstrated that the expression pattern of normal Adh
is developmentally regulated by two tandem promoters.examined (Figure 3A, lanes p and q).
Introduction of w-Adh copies proportionately reduces The distally promoted transcripts are predominant in
adult tissues, whereas the proximally promoted onesAdh transcript levels in both sexes. However, males
always have a higher expression than females at any are abundant in larvae. Use of the SB probe allows
the distinction of a 90 bp fragment, protected by theone dose. More accumulation of Adh transcripts occurs
Cosuppression in Drosophila
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Figure 3. Endogenous Adh Cosuppression
(A) Autoradiograms representing the North-
ern analysis of Adh transcript patterns from
different typesof adult flies carryingone copy
of the endogenous wild type Adh gene and
zero to four copies of the w-Adh transgenes.
Lanes are: (a and b) Adh1/Adhfn6, (c)
w-Adh#1/Y; Adh1/Adhfn6, (d) w-Adh#1/1;
Adh1/Adhfn6, (e and f) Adh1/Adhfn6; w-Adh#3/
1, (g) w-Adh#1/Y; Adh1/Adhfn6; w-Adh#3/1,
(h) w-Adh#1/1; Adh1/Adhfn6; w-Adh#3/1, (i
and j) Adh1 1/Adhfn6 w-Adh#2, (k and l) Adh1
1/Adhfn6 w-Adh#2; w-Adh#3/1, (m) w-Adh#1/
1; Adh1 1/Adhfn6 w-Adh#2, (n) w-Adh#1/Y;
Adh1 1/Adhfn6 w-Adh#2; w-Adh#3/1, (o)
w-Adh#1/1; Adh1 1/Adhfn6 w-Adh#2;
w-Adh#3/1, (p) w-Adh#1/Y; Adh1 1/Adhfn6
w-Adh#2; w-Adh#3/w-Adh#3, (q) w-Adh#1/
w-Adh#1; Adh1/Adhfn6; w-Adh#3/w-Adh#3.
The means of Adh/b-tubulin ratios are repre-
sented by the bar diagrams. The values
marked by an asterisk are significantly differ-
ent from the respective one-dose controls at
the 95% confidence level.
(B) Predicted products from RNAase protec-
tion experiments using the Adh SB probe are
shown. Adh transcripts give rise to two pro-
tected fragments present in the endogenous
(Adh1) pool as well as from the transgene (w-
Adh): 137 and322 bp. Only the 90 bp fragment
is protected by the distal endogenous Adh
and Adhfn6 transcripts.
(C) RNAase protection analysis of Adh RNA
showing the expression pattern of the w-Adh
fusion and endogenous Adh genes. The RNA
of different classes of adult flies carrying one
copy of the wild-type endogenous Adh1
gene and zero to four copies of w-Adh fusion
genes were analyzed. Lanes are: (a) Adhfn6 cn;
ry506/Adhfn6 cn; ry506, (b and c) Adh1/Adhfn6, (d)
w-Adh#1/1; Adh1/Adhfn6, (e) w-Adh#1/Y;
Adh1/Adhfn6, (f) w-Adh#1/Y; Adh1/Adhfn6;
w-Adh#3/1, (g) w-Adh#1/1; Adh1/Adhfn6;
w-Adh#3/1, (h and i) Adh1 1/Adhfn6
w-Adh#2; w-Adh#3/1, (j) w-Adh#1/1; Adh1
1/Adhfn6 w-Adh#2; w-Adh#3/1, (k) w-Adh#1/
Y; Adh1 1/Adhfn6 w-Adh#2; w-Adh#3/1, (m) w-Adh#1/Y; Adh1 1/Adhfn6 w-Adh#2; w-Adh#3/w-Adh#3, (n) w-Adh#1/w-Adh#1; Adh1/Adhfn6;
w-Adh#3/w-Adh#3. Expected protected fragments, based on the RNA splicing pattern, are indicated on the right side of the panel, and the
sizes of the marker RNAs are shown on the left. A 70 bp protected fragment of the b-tubulin RNA serves as an internal control. The marker
RNA lane is a longer exposure from the same gel.
endogenous Adh RNA produced by the distal promoter, color genes are present in females and their dosage
compensated single counterpart present in males. Thebut this is absent in the transgene. The 137 and 322
bp fragments contain a mixture of both transgene and increase of w-Adh transgene copies progressively
added more white promoters but not the structural se-endogenous gene products (Figure 3C).
The expression of the endogenous Adh gene was quences within the genome (six copies of the w-Adh
transgene in females equals eight white promoters). Theunchanged in the presence of one copy of the transgene.
However, reduction in the level of the 90 bp protected profile of Northern hybridization using a white probe
revealed that white is equally expressed in all the geno-fragment is proportionally related to the progressive in-
crease of the transgene dosage beyond one copy. The types (data not shown), suggesting that cosuppression
is not operating on the white gene under these circum-overall endogenous RNA message was reduced 2- to
5-fold when two to four copies of the transgenes were stances.
introduced within the genome (Figure 3C; Table 1B,
lanes f±n).
Alcohol Sensitivity and Cosuppression
Drosophila require Alcohol dehydrogenase(ADH) through-Endogenous white Is Not Affected by Multiple
w-Adh Transgenes out their life cycle to detoxify the alcohol present in
their natural environment. Flies that have a normallyWe next quantitated the abundance of white mRNA
from adult flies carrying zero to six copies of w-Adh expressed Adh gene can tolerate a high percentage of
alcohol in the culture media. In contrast, flies with notransgenes. In each stock, two endogenous white eye
Cosuppression in Drosophila
485
Figure 4. Alcohol Sensitivity and Adh Tissue
Expression in Cosuppressed Flies
(A) A graphical representation of viability of
adult flies on medium containing different
percentages of alcohol. Twenty male and fe-
male flies were mated in each vial. The per-
centage of alcohol and the number of viable
fliesare noted. Series are: (1) Adhfn6, (2) Adh1/
Adhfn6, (3) w-Adh#1/1; Adh1/Adhfn6 w-Adh#2;
w-Adh#3/1, and (4) wild type.
(B) Effect of cosuppression on endogenous
Adh expression as visualized via histochemi-
cal staining. Internal organs of a larva are
illustrated at the bottom: hepatic caecae (hc),
anterior midgut (amg), middle midgut (mmg),
hindgut (hg), Malpighian tubules (Mt), and fat
body (fb). The genotypes of the female larvae
shown are: (a) Adh1/Adhfn6, (b) Adh1/Adhfn6;
w-Adh#3/1, (c) w-Adh#1/1; Adh1/Adhfn6;
w-Adh#3/1, (d) w-Adh#1/1; Adh1 1/Adhfn6
w-Adh#2; w-Adh#3/1, and (e) Adhfn6/Adhfn6.
All w-Adh constructs are in the Adhfn6 cn; ry506
strain. Positive ADH staining is indicated by
dark blue color above the Adhfn6 background
(e). Note that Adh expression is gradually re-
duced in the fat body, gut, and Malpighian
tubules due to inclusion of more w-Adh
transgenes. Inclusion of three copies of the
transgene reduced ADH activity to a level ap-
proaching the Adhfn6 background.
ADH can only survive a relatively low percentage. Alco- above the background staining found in the recipient
Adhfn6cn; ry506 strain, which lacks functional ADH. Amonghol sensitivity of one copy of Adh1 and null Adhfn6 flies
is graphically presented in Figure 4A. Flies with the Adhfn6 internal tissues in w-Adh adults, enzyme was detected
in the testes, Malpighian tubules, and hindgut.allele can survive only to a maximum of 7% alcohol
(series 1), whereas those with one functional copy of The expression of w-Adh is found in several tissues
where the level of normal Adh is very low, for examplethe Adh gene can survive at the 17% alcohol level (series
2). Wild-type flies with two functional Adh1 genes can Malpighian tubules of larvae and accessory genital
glands and testes of adults. The expression of the w-Adhtolerate 20% alcohol (Figure 4A, series 4). To test
whether the repressed activity of the endogenous Adh transgene in the fat body is low compared with the high
expression found in Canton S. These findings suggestgene is reflected in alcohol sensitivity, we also examined
flies carrying three copies of w-Adh and one copy of the that the tissue distribution pattern of the transgene is
different from the endogenous gene. As predicted byendogenous Adh gene for survival rate with increasing
alcohol in the culture medium. It was found that the the RNA data, the ADH staining is greater in transgene
hemizygotes than homozygotes.survival curve was intermediate between that of the null
and the fully functional Adh1 copy (Figure 4A, series 3), Inclusion of transgene copies within the genome to-
gether with theendogenous Adh gene (Figure 4B) resultssuggesting a reduced expression of the endogenous
Adh gene with the presence of the w-Adh transgenes. in reduced intensity of ADH staining in all tissues. These
findings indicate that the reduction of the ADH endoge-
nous product due to the presence of two to three copiesTissue Specificity and Cosuppression
ADH activity was visualized in individual tissues of trans- of the w-Adh transgene occurs in basically all cells de-
spite the differences in tissue expression.formant larvae by an ADH histochemical stain (Ursprung
et al., 1970). The activity of each w-Adh transformant
line was compared with the wild-type Adh strain and Transvection and Cosuppression
The fact that homozygotes of the transgene show lessthe recipient, Adhfn6 cn; ry506 by examination of the dark
blue staining intensity. In Canton S, ADH is deposited expression than hemizygotes suggested a relationship
to thephenomenon of transvection. Transvection resultsat high levels in the fat body, gut, and Malpighian tu-
bules. In w-Adh transformants, ADH activity was de- in an altered gene expression due to allelic pairing. The
white locus is known to exhibit this phenomenon in twotected in the fat body, Malpighian tubules, anterior mid-
gut, middle midgut, hindgut, and hepatic caeca of larvae respects. First, the recessive gain-of-function mutation
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zeste-1 represses white expression when two copies
are present in the genome in such a way that they can
pair (Jack and Judd, 1979). Second, certain alleles of
white exhibit a partial complementation, if pairing is pos-
sible (Green, 1959). When mutations in the eye enhancer
are heterozygous with other white mutations with le-
sions in the structural part of the gene, including com-
plete phenotypic nulls, a greater level of pigment is pres-
ent in the heterozygote compared with the enhancer
mutant homozygotes.
This complementation is eliminated in the presence
of a loss-of-function allele of zeste, called zeste-a (za)
(Babu and Bhat, 1980). The za alleles also eliminate pair-
ing-dependent complementation at bithorax (Kaufman
et al., 1973) and decapentaplegic (Gelbart et al., 1985).
If the normal allele of zeste present in the w-Adh stocks
is mediating the lowered expression of homozygous
constructs compared with hemizygous copies or even
cosuppression in general, then a loss-of-function allele
should eliminate this effect. For this reason, we chose
to test whether za would eliminate the lowered expres-
sion that occurs when the w-Adh transgenes are homo-
zygous.
To examine this issue, we constructed two stocks.
One was homozygous for za on the X chromosome to-
gether with w-Adh#2 and w-Adh#3, homozygous on
chromosomes 2 and 3, respectively. The second stock
was za; Adhfn6 cn; ry506. By crossing the two stocks to-
gether, we could produce progeny that would allow us
to compare two hemizygous copies of w-Adh to four
copies in the homozygous stock, all in a za background.
If transvection as mediated by zeste is related to cosup-
pression, one would predict that the transgene silencing
would be eliminated in a za background such that the
four copies of w-Adh would produce twice as much
RNA as twocopies. If cosuppression of these constructs
is unrelated to zeste action, then the four copies (two
paired sites) would have a lower expression than the
two copies in unpaired sites just as occurs in a z1 back-
ground. The latter result was found (Figure 5A), sug-
gesting that this case of cosuppression is unrelated to
zeste-dependent transvection. While zeste-a eliminates
transvection at several loci, it does not affect somatic
pairing of homologs as typically occurs in Drosophila,
allowing perhaps other mechanisms of homology recog-
nition to be more effective between alleles as opposed
to dispersed inserts.Figure 5. Effect of Polycomb Group Mutations on Cosuppression
(A) Autoradiogram representing the Northern hybridization pattern
Cosuppression of the Adh Gene Is Modulatedof Adh transcripts in different types of adult flies carrying 0, 2, and
4 copies of w-Adh transgenes in a za background. Lanes are: (a) za/ by Pc-G Mutations
Y; Adhfn6, (b) za/za; Adhfn6, (c) za/Y; w-Adh#2/Adhfn6; w-Adh#3/1, (d) Given that cosuppression appeared to involve a repres-
za/za; w-Adh#2/Adhfn6; w-Adh#3/1, (e) za/Y; w-Adh#2/w-Adh#2; sion of gene expression maintained throughout devel-
w-Adh#3/w-Adh#3, (f) za/za; w-Adh#2/w-Adh#2; w-Adh#3/w-Adh#3.
opment, it was of interest to examine the effect of the(B) Northern analysis of Adh transcripts in adult flies that are homo-
zygous for normal or heterozygous for Polycomb carrying zero or
three copies of w-Adh transgenes in an Adh1/Adhfn6 background
were performed. The genotype of the lanes are: (g) w-Adh#1/Y; Northern hybridization. Lanes are: (o) w-Adh#1/Y; Adh1 Pcl/Adhfn6
Adh1/Adhfn6 w-Adh#2; Pc1/1 w-Adh#3, (h) w-Adh#1/1; Adh1/Adhfn6 w-Adh#2; 1/w-Adh#3, (p) w-Adh#1/1; Adh1 Pcl/Adhfn6 w-Adh#2;
w-Adh#2; Pc1/1 w-Adh#3, (i) w-Adh#1/Y; Adh1/Adhfn6 w-Adh#2; 1 1/w-Adh#3, (q) w-Adh#1/Y; Adh1/Adhfn6 w-Adh#2; 1/w-Adh#3, (r)
1/1 w-Adh#3, (j) w-Adh#1/1; Adh1/Adhfn6 w-Adh#2; 1 1/1 w-Adh#1/1; Adh1/Adhfn6 w-Adh#2; 1/w-Adh#3, (s) 1/Y; Adh1 Pcl/
w-Adh#3, (k) 1/Y; Adh1/Adhfn6; Pc/1, (l) Adh1/Adhfn6; Pc/1, (m) 1/ Adhfn6, (t) Adh1 Pcl/Adhfn6 (u) 1/Y; Adh1/Adhfn6, and (v) Adh1/Adhfn6.
Y; Adh1/Adhfn6, and (n) Adh1/Adhfn6. b-tubulin transcripts act as a loading control. Quantity of Adh tran-
(C) The level of Adh transcripts in adult flies that are homozygous scripts (Adh/b-tubulin ratios 6 SE) are presented below each panel.
for normal or heterozygous for Pcl carrying zero or three copies of The values denoted with a shaded box are significantly different
w-Adh transgenes in an Adh1/Adhfn6 background were analyzed by from the respective controls.
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Pc-G genes, which have been implicated in maintenance
of repressed states in other processes. To test whether
cosuppression is affected by the Pc-G genes, we next
generated Adhfn6 cn; ry506/Adh1 and w-Adh#1; w-Adh#2
Adhfn6/Adh1; w-Adh#3/1 progenies that were segregat-
ing for the Polycomb (Pc) or Polycomblike (Pcl) muta-
tions. Total celluar RNAs were prepared from these flies
and hybridized with the Adh probe in Northern analysis
(Figures 5B and 5C). The results show that in the pres-
ence of the Pc mutation, Adh expression is not altered
in Adhfn6 cn; ry506/Adh1 flies relative to their controls.
However, with the inclusion of three w-Adh transgene
copies in the same flies, Adh RNA accumulation is 49%
more in males and 37% more in females carrying the
Pc mutation relative to their 1/1 brothers and sisters
(Figure 5B, lanes g±j). A similar increment was also found
when the Pcl mutation was used (Figure 5C, lanes o±r).
The presence of only one functional copy of the Pc
and Pcl genes, instead of the normal two, reduces the
cosuppression effect by approximately half.
Pc Proteins Are Recruited to the w-Adh
Repressed Loci
Since the degree of cosuppression is affected by the
Pc and Pcl mutations, we tested whether the Pc protein
is associated with the w-Adh transgenes as well as en-
dogenous Adh under cosuppressing conditions. Earlier
studies have shown that Pc antibodies localize to sev-
eral sites on the salivary gland chromosomes (Rastelli
et al., 1993). The insertion site of w-Adh#1 (5A) as well
as the endogenous Adh site (35D) overlap normal Pc
binding sites (Figures 6a and 6g; Rastelli et al., 1993),
which were also found in our recipient strain. However,
Pc proteins do not bind at the insertion sites of w-Adh#2
or w-Adh#3 (Figures 6c and 6e), when only a single
construct is present in the genome. In contrast, in the
six-dose w-Adh stock, which exhibits strong cosuppres-
sion, we found that Pc antibodies are strongly recruited
to the w-Adh#2 and w-Adh#3 insertion sites (Figures
6d and 6f). No other additional binding sites could be
detected in this strain. An identical binding pattern using
polyhomeotic antibodies (data not shown) suggests that
the repression of w-Adh requires a protein complex in-
cluding Pc and ph proteins.
Figure 6. Pc Antibody Binding at Cosuppressed Loci Discussion
Immunofluorescent localization of the Pc protein on different w-Adh
insertional and endogenous Adh sites of the polytene chromosomes The correlation between copy number and transgene
from third instar larvae using confocal microscopy. The chromo- expression in Drosophila, in most cases, is positive (e.g.,
somes are stained with propidium iodide (red), and Pc antibodies Spradling and Rubin, 1983), although transgenes have
with Cy-5 (green). The superimposed images (yellow) indicate the
rarely been examined above two copies. The unusuallocation of anti-Pc for:
situation in thew-Adh flies reported here is that introduc-(a) The X chromosomal segment, including the w-Adh#1 site at 5A
tion of additional copies not only negatively modulatesfrom larvae carrying a single w-Adh#1 transgene.
the transgene expression but also produces a repres-(b) The same X chromosomal region from larvae carrying six copies
of the w-Adh transgene. sive effect on the endogenous Adh. The endogenous
(c) The 2R chromosome showing the w-Adh#2 insertional site (52A)
prepared from larvae carrying a single w-Adh#2 construct.
(d) The same 2R chromosomal region prepared from larvae carrying
six w-Adh transgenes. (g) A merged confocal image showing that the endogenous Adh site
(e) The 3R segment including the w-Adh#3 insertional site (85D) (35D) is normally associated with Pc binding.
prepared from larvae carrying a single w-Adh#3 construct. (h) The Adh chromosomal region prepared from larvae carrying six
(f) The same 3R chromosomal region prepared from larvae carrying copies of the w-Adh transgene. Arrows indicate the insertional sites
six w-Adh copies. and the endogenous Adh gene.
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Adh expression is nearly 2- to 5-fold reduced when two development once initiated. The involvement of the
Pc-G genes in the process suggests such a mechanism.to four copies of w-Adh transgenes are introduced into
the genome. An increase in w-Adh copy number and a Transgene silencing has also beensuggested to result
from post-transcriptional processes in some cases andproportional reduction of Adh transcript levels in Dro-
sophila reveals a phenomenon analogous to ``homology DNA modification in others (Jorgensen, 1995; Matzke
and Matzke, 1995; Depickeret al., 1996). Indeeddifferentdependent trans-inactivation by unlinked genes'' found
in many transgenic plants (Jorgensen, 1995; Matzke and mechanisms appear to be responsible for a heteroge-
neous set of processes. According to the post-transcrip-Matzke, 1995). Using three different experimental ap-
proaches, it was found that the activity of the endoge- tional model, the transcripts of the genes accumulate
up to a sharp threshold level at which RNA degradationnous Adh gene is significantly reduced with the introduc-
tion of multiple w-Adh transgenes. takes place (Blokland et al., 1994). However, a single
homologous transgene is not always sufficient to pro-
voke cosuppression. In some cases, homozygosity or
Cosuppression in Relation to Other two copies of a transgene are required to obtain silenc-
Aspects of Adh Expression ing (Jorgensen, 1995), illustrating how critical the thresh-
Adh is a developmentally expressed gene. Two alterna- old level of RNA accumulation is to initiate RNA degra-
tive transcripts are produced by tandem promoters. The dation (Jorgensen, 1995; Matzke and Matzke, 1995;
distally promoted transcript is predominant in adults, Metzlaff et al., 1997). There are several features of the
while the proximally initiated transcript is abundant in case reported here that argue against such a mech-
larvae. An equal reduction of Adh transcripts at both anism.
stages implies that cosuppression is not affected by the First, the expression pattern of the w-Adh gene in
differential developmental Adh expression pattern. In various tissues of two developmental stages is different
addition, expression of multiple white and AdhF wild- from the normalAdh tissue distribution. Indeed, the tran-
type genes is dose dependent at low copy number, script levels of the w-Adh transgene are quite low rela-
whereas the Adh transgene at higher levels (six to ten tive to the endogenous Adh gene. Nevertheless, there is
copies) also exhibits cosuppression, although the re- a possibility that a threshold-induced mechanism could
duction in expression is not as consistently progressive occur, if the threshold level is achieved only by the
as with w-Adh. This result indicates that cosuppression transgene transcripts (Baulcombe and English, 1996).
is not limited to the chimeric construct and that it also However, one must note that the level of Adh transcripts
occurs with different types of transgenes. Apparently, decreases progressively with increased transgene dos-
the chimeric w-Adh construct is more effective at the age, suggesting the absence of a threshold over which
lower doses. all RNAs are degraded. Moreover, the fact that two cop-
The tissue distribution pattern of the Adh and white ies present on homologous chromosomes are always
genes is quite distinct from each other. Adh is normally expressed in lesser amounts than two dispersed copies
expressed highly in the fat body and the gut but not in argues that the somatic pairing of homologs that occurs
the testes. The white product, on the other hand, is in the former situation has an effect on the process. A
deposited in the testes as well as in the eye, ocelli, and difference in response based on the probability of the
Malpighian tubules, butnot in the fat body and gut (Fjose transgenes to associate is not predicted by an RNA
et al., 1984). Positive ADH staining in the Malpighian threshold mechanism.
tubules and adult testis of each transformant line indi-
cates that the white regulatory region had conferred
Polycomb-Group±Dependent Mechanismmost of its tissue-specific pattern to the reporter Adh
The repressed nature of the w-Adh transgenes and theproduct. ADH staining was also detected, albeit at low
maintenance of the silenced state throughout develop-level, in the fat body and gut. At the resolution afforded
ment suggested an involvement of the Pc-G genes.by histochemical staining, it appears that cosuppression
Accordingly, the Pc and Pcl mutations were tested asoccurs in all tissues where the affected genes are ex-
heterozygotes, and each was found to reduce thepressed. Moreover, cosuppression of both the w-Adh
degree of cosuppression by approximately half. Thistransgenes and the endogenous Adh gene occurs de-
result suggests that the silencing is dependent on thespite the fact that they are not expressed coordinately
Pc-G gene products. To examine the involvement ofin the same set of tissues.
Pc-G further, the cosuppressed inserts were tested
for Pc-G protein association by antibody probing of
polytene chromosomes. This test was possible becauseMechanisms of Cosuppression
One possible explanation of cosuppression is that func- two of the three studied w-Adh sites do not coincide with
normalPc binding. Under cosuppressing conditions, buttionally related genes (both transgene and endogenous
copies) would share chromatin proteins that affect their not with the single constructs, these sites show labeling
with anti-Pc and anti-ph antibodies.transcriptional initiation and that the sequence homol-
ogy among multiple genes influences the chromatin Several Pc-G proteins have been shown to bind spe-
cific sites in salivary gland chromosomes as a part ofconfiguration in such a manner as to inhibit gene expres-
sion (Matzke and Matzke, 1995). Such a mechanism multimeric protein complexes (Frank et al., 1992; Rastelli
et al., 1993). None of these proteins bind to DNA directlyrequires association of homologous genes or their bound
proteins under at least some circumstances and a to alter transcription. It has been suggested that the
Polycomb response element (PRE) is the target site formeans to replicate the altered chromatin state through
Cosuppression in Drosophila
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w-Adh#3 ry506/MKRS daughters from the first cross were mated withcomplex formation (Chan et al., 1994). Available evi-
the w-Adh#1/Y; Adhfn6 cn/In(2LR) Gla; ry506/TM3 Ser sons produceddence indicates that the state of activity of the promoter
from the second cross. From theoffspring, the w-Adh#1/Basc; Adhfn6senses the formation of the early complexes at the PRE
cn/Adhfn6 cn; w-Adh#3 ry506/TM3 Ser females were crossed with
in the vicinity. If they are in the active state, repression Basc/Y; Adhfn6 cn/Adhfn6 cn; w-Adh#3 ry506/TM3 Ser males. From the
is not established. If transcription of this region is re- progeny, the normal males and females that are heterozygous for
the Bar locus were selected and mated together to generate thepressed, the complexes receive additional signals pro-
w-Adh#1/w-Adh#1; Adhfn6 cn/Adhfn6 cn; w-Adh#3 ry506/w-Adh#3 ry506vided by the sense of promoter activity and locks the
stock. Similar schemes were used for constructing the triple insertchromatin region in a configuration that lowers expres-
and other multiple copy stocks. Using these stocks and crossession (Chan et al., 1994; Pirrotta, 1997).
among them, the dosage series were produced.
The white and Adh genes normally lack a PRE. A To test the mutational effect of Pc and Pcl genes on cosuppres-
computer analysis (GenBank database using BLAST sion, Pc/TM3 males were crossed to six-copy w-Adh virgin females.
The progeny males and females were segregated on the basis ofand DNA STAR software using MEGALIGN) (Altschul et
theTM3 Ser marker. For the control cross, Adhfn6 males were matedal., 1990) shows that the white promoter does not con-
with Pc/TM3 females.Similar crosseswere used for the Pclmutationtain a detectable PRE as defined by those present in
with separation of flies based on the SM6a, Curly wing marker.thebithorax locus (Chan etal., 1994). Additionally, hybrid
sequences at the junction in w-Adh do not generate
Digoxigenin DNA Labeling and In Situ Hybridizationsuch an element. The binding of Pc-G proteins at the
One hundred nanograms of Adh linear DNA was labeled with digoxi-insertion sites reveals that the cosuppression process
genin-dUTP, and detection was performed using the Genius Kit
initiates accumulation of Pc-G proteins in the absence (Boehringer Mannheim). The hybridization and post-hybridization
of a canonical PRE. washes was carried out as described (Schmidt et al., 1988).
Concluding Remarks Adh Staining
Third instar larvae of different homozygous and heterozygous w-AdhIn this report, we demonstrated down-regulation of an
transformants were dissected in Drosophila Ringers solution, fixedendogenous gene by an experimentally synthesized hy-
in 1% gluteraldehyde for 15 minutes, and stained for ADH activitybrid construct in Drosophila. The available evidence
for 15 minutes (Ursprung et al., 1970).
suggests a mechanism in which homologous recogni-
tion of the transgenes initiates silencing, which is depen-
RNA Isolation, Northern Transfer, and Hybridizationdent upon Pc-G proteins. Interestingly, this effect is pro-
Total cellular RNA from whole flies and larvae was prepared, electro-
gressive with increasing dosage of the transgene. The phoresed, and hybridized with either Adh or white antisense RNA
progressive nature and a higher copy number of trans- (Rabinow et al., 1991). Blots were prepared in triplicate for each
genes to achieve significant silencing in Drosophila dif- probe. As a loading control, the blots were probed with b1-tubulin
RNA. Quantification was performed using a Fuji 2000 Bas phos-fers from most cases of cosuppression in plants and
phorimager.could possibly explain why it has not previously been
recognized in animal species. Cosuppression might
RNA Protection Assayhave evolved to maintain transposable elements in a
RNA transcription, hybridization, digestion, and acrylamide gel anal-quiescent state or to reduce viral gene expression
ysis were performed as per manufacturer's instructions (Ambion)(Matzke and Matzke, 1995; Ratcliff et al., 1997). Its pres-
with modifications. RNA hybrids were digested at 378C for 30 min-
ence in Drosophila suggests that it is a reflection of utes with 1:100 dilution of RNAase T1 stock solution for the DP
biological processes that exist broadly among multicel- probe. The products were fractionated on 5% denaturing polyacryl-
lular eukaryotes to silence multiple copies of a gene. amide gels. For the SB probe, RNA hybrids were digested at 378C
for 30 minutes with a 1:50 dilution of RNAase T1/RNAase A mixture
(Laurie and Stam, 1994). The products were fractionated on 8%Experimental Procedures
denaturing polyacrylamide gels.
Plasmid Construction and Transformation
The transgene construction and transformation has been described Immunostaining of Polytene Chromosomes
previously (Rabinow et al., 1991). A 2.5 kb HphI fragment containing Preparation of the polytene chromosomes from the salivary glands
the known white cis-acting sequences, including the putative eye and the staining of the chromosomes with affinity-purified rabbit
enhancer, was isolated from pm11.5. The HphI fragment is sufficient anti-Pc and anti-ph antibodies was performed as described earlier
for the proper functioning of white. This fragment was ligated to a (Frank et al., 1992).
1.9 kb Adh fragment and placed in the pDM30 vector, which carries For confocal microscopy, Cy-5 conjugated goat anti-rabbit sec-
the rosy1 transformation marker. The pDM30-w-Adh plasmid and ondary antibody was used. The chromosomal RNAs were digested
the helper pII2.57wc were used for transformation of the Adh null with a diluted RNAase treatment for 30 minutes. The slides were
strain Adhfn6 cn; ry506. mounted with Vectashield mounting media and propidium iodide
mixture and examined with a Bio-Rad 2000 confocal microscope
Genetic Crosses using a 1003 oil lens.
To generate multiple copy stocks, we employed several cross-
ing schemes using multiple balancer stocks. Genetic mutations
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